Summary. Sea-level records at nine ports along the coasts of Namibia and South Africa are used to establish the existence of coastal trapped disturbances in sea-level as a response to the passage of synoptic weather systems. Using spectral analysis the characteristics and spatial variability of the sea-level fluctuations are identified. The results of cross-correlation analyses performed on sea-level data at adjacent ports for two periods during 1982 are discussed in detail to examine the propagation of coastal trapped waves round the coast.
Introduction
Sea-level records from coastal areas in southern Africa exhibit extra-tidal fluctuations on several different time-scales associated with local or remotely forced atmospheric phenomena. These scales include the synoptic or event scale, of period 2-20 day, the seasonal scale, of period 3-6 month, and the interannual or long-term scale, with a period of a few years. The seasonal and long-term components of sea-level variability along the west coast of southern Africa have been discussed by Brundrit (1984) . He concluded that there is a clear difference between the seasonal response at the northern and southern ports associated with the difference in winds affecting these two regions. The long-term component was found to be similar at all ports suggesting large-scale, non-local forcing.
The theoretical response of sea-level to pressure changes at the low frequencies associated with the passage of weather systems is that of an inverted baromei.er (Robinson 1964) . Records should show a decrease in sea-level of 1.01 cm for an increase in atmospheric pressure of 1 mb. This assumes an ocean such that the total pressure at any fxed point on the bottom is constant. In coastal areas, over continental shelves, this is rarely valid. Changes in atmospheric pressure are accompanied by changes in the velocity and direction of the wind and hence wind stress and these also contribute t o fluctuations in sea-level. Robinson (1964) first proposed a theory of continental shelfwaves as a response of sea-level to atmospheric changes, after Hamon (1962 Hamon ( , 1963 had found that the relation between sea-level and pressure at two ports on the east coast cf Australia was less than isostatic. Developments in the theory and observation of shelf waves have been reviewed by Mysak (1980) . In South Africa, Schumann (1983 Schumann ( . 1983 ) studied fluctuations in sea-level, currents and temperature along the south-east coast. He concluded that topography and the Agulhas current would inhibit the propagation of coastal trapped waves along the Natal coast. Conditions appeared more favourable between Port Elizabeth and Durban, but there was little evidence of general propagation. A single event was found t o propagate from Port Elizabeth to Richards Bay. As the event was apparent in temperature data and not in sealevel records, he concluded that it was a baroclinic phenomenon.
The synoptic scale variability in the sea-level records for ports along the west coast of southern Africa, was discussed briefly by Brundrit, de Cuevas & Shipley (1984) . The purpose of the present study is t o give a more detailed account of this event scale variability. By extending the area of study to include ports along the south and east coasts, the propagation of these fluctuations and their seasonal variability can be investigated. 
Data and analysis
The data for this study came from tide gauges operated during 1982 by the South African Navy and the Fisheries Development Corporation at nine ports along the coast of Namibia and South Africa (Table 1 ). The locations of the ports are shown in Fig. 1 . The raw data were supplied in the form of hourly sea-level heights on computer tape. These heights were checked for gross errors and erroneous values replaced by interpolated ones. Most of ttie data sets contained repeated gaps, of several days duration at times, which were left untreated.
Daily mean sea-level was calculated using the Doodson tide-killer (Doodson & Warburg 1941), which effectively filters out the main solar and lunar semi-diurnal and diurnal tidal constituents. New sets of filtered hourly data were formed by replacing each hourly sealevel height with the daily mean sea-level centred on that hour. Power spectra were obtained from these filtered sets using t w o data points per day, at 0000 h and 1200 h , t o identify the * SAN -South A f r i c a n Navy FDC -F i s h e r i e s Development C o r p o r a t i o n frequency distribution of the observed variations in the sea-level data. The spectra for each port were obtained for two periods during the year corresponding roughly to the first and second halves of the year. Only one spectrum could be obtained at Gansbaai and Port Elizabeth. The data at Lamberts Bay contained too many gaps to be used at all for this purpose.
Cross-correlation analysis was used t o compare sea-level variations at adjacent ports t o establish if the variations at different ports are likely t o share the same forcing mechanism and also t o investigate the possibility of the propagation o f the sea-level response around the coast. Because of the many gaps in the data, the choice of subsets of reasonable length for such comparisons using all the ports, was very limited. The numbers of degrees of freedom for the analyses were determined following the method of Davis (1976) and the 95 per cent significance level was used as the criterion o f significance (i.e. (t = 0.05).
Meteorology of the coastal areas of southern Africa
The meteorology of the west coast of southern Africa has been discussed by Nelson 8: Hutcliings (1983) in a review paper on upwelling. Duncan (1970) described the east coast meteorology in detail in a study of the Aguhas current. A summary of the important features is essential to any discussion of low frequency fluctuations in sea-level.
The winds over the coastal regions of southern Africa are controlled by the positions of the subtropical high pressure systems over the South Atlantic and Indian Oceans and their interaction with the westerlies in the south and south-east trades in the north. The South Atlantic high pressure system is fairly close to the continent and influences much of the south coast as well as the west coast. The Indian Ocean high pressure system has its centre far out t o sea and so influences only the eastern part of the South African coast.
In summer the high pressure systems have their centres at about the latitude of Cape Town (34"s). The westerlies blow far south of the continent with little influence on it. The winds along the west and south coasts are predominantly south or south-easterly. with their strength determined by the pressure gradient between the South Atlantic high and the low pressure system over the continent. The winds along the west coast are reinforced by the south-east trades which blow north of the Atlantic high. The winds are strongest between 25"s and 30's. Along the east coast, the southeast trades combine with the easterly winds north of the Indian Ocean high to bring south-easterly or easterly winds to this area.
In winter the high pressure systems over the oceans move a few degrees northwards (van Loon 1972) and intensify slightly. North of this the winds are as in summer with the strongest winds at about the latitude of Walvis Bay. The entire southern region from Port Nolloth south comes under the influence of the westerlies and mid-latitude depressions travelling east from the south-west Atlantic. These are often accompanied by cold fronts which cause the north-westerly gales followed by south-westerly winds.
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Daily mean sea-level for 1982 at the nine ports under consideration is shown in Fig. 2 . This demonstrates clearly the event scale fluctuations of amplitude 5 30 cm which occur throughout the year. Many events appear coherent at all the ports from Walvis Bay to Port Elizabeth and occasionally as far as Durban and Richards Bay. Events appear t o start in the Walvis Bay -Luderitz Bay area, travel southwards down the west coast and then eastwards along the south coast, with variable speed.
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The power spectra for the Doodson filtered daily mean sea-level at 12-hourly intervals are shown in Fig. 3(a. b) with the vertical scale shown in the centre of the diagrams. The origins of the original graphs have been displaced in order to accommodate all ports in one diagram. The closest value (lo2 or lo3) to the energy at 0.05 cpd is marked on the left of the graph for each port. Energy is plotted on a logarithmic scale so that the 80 per cent confidence limit is the same for all frequencies. Although the observed peaks are sometimes below the 80 per cent confidence limit, repeated analyses using data from different years give peaks at the same frequencies. Only frequencies between 0.05 and 0.425 cpd have been plotted. Table 2 .
Shading has been used to illustrate peaks common to spectra for different ports. The
(1) West coast peaks -common to west coast ports from Walvis Bay to Port Nolloth or ( 2 ) South coast peaks -common t o south coast ports from Simons Bay to Port Elizabeth (3) West and south coast peaks -common t o all or most of the ports. A difference, possibly seasonal, can be detected in the distribution of spectral energy between the two sets of spectra. During the first part of the year, which contains most of summer, there is a spectral peak centred around 13 day along the west coast and around 10 day at the south coast ports, with both periodicities evident in the spectrum for Simons Bay. During the second part of the year, which contains most of winter, there is one broader peak, centred at 10 day, evident in the spectra for all ports between Walvis Bay and Port Elizabeth. During this part of the year there are also more spectral peaks common to all ports. Although the spectra cannot prove that the same forcing mechanism is responsible for the sea-level disturbances at the different ports, the similarity in spectral peaks suggests this is likely. 
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Sea-level at adjacent ports between Walvis Bay and Port Elizabeth was found to be significantly correlated (z 95 per cent) at all times of the year with one exception. The crosscorrelation between sea-level at Walvis Bay and Luderitz Bay was not significant during the late summer period, January '2-April 1. For most of the other analyses, the lag at maxiniuv correlation suggests propagation southwards down the west coast and eastwards along the south coast, but with highly variable propagation speeds.
Cross-correlation between sea-level at Port Elizabeth and Durban gave conflicting results at different times of the year. During late summer, sea-level at the two ports was not correlated. During winter, significant correlation was obtained with lags at maximum correlation corresponding t o zero propagation or propagation from Durban to Port Elizabeth. Only for one period, September 10-December 8, was significant correlation obtained suggesting propagation from Port Elizabeth to Durban at a speed of 3-m s-'. As can be seen in Fig. 2 only certain major events appear t o propagate from Port Elizabeth t o Durban. The cross-correlation between sea-level at Durban and Richards Bay was significant at all times, with lags at maximum correlation suggesting zero propagation in summer and propagation northwards with speeds between 2.4 and 4.6 m s-' during autumn and winter.
The results for the region between Walvis Bay and Port Elizabeth for two short periods during the year will be discussed in detail to illustrate seasonal differences. These results are supported by the results of the other analyses.
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The Doodson filtered daily mean sea-level a t all ports is shown in Fig. 4 on a larger scale than The results of the cross-correlations for this period are summarized in Table 2 . The distances between ports, correlation coefficients, degrees of freedom, lag at maximum correlation, significance levels and propagation speeds (where appropriate) are given. The number of degrees of freedom is not the same as the number of events as it allows for the range in period of the events. However, the fact that the numbers of degrees of freedom were almost the same for all the cross-correlations encouraged the view that the same events were affecting all the ports. The propagation speeds obtained were of the same order of magnitude from Luderitz Bay to Port Elizabeth, though slightly faster along the south coast than down the west coast. 
1982 September I-October 2 7 (summer)
The daily mean sea-level at all the ports for this period is shown in Fig. 5 . Most of the major events are negative or upwelling events and there are few short period events. The largest negative event, which commenced at Walvis Bay on October 3 and is marked on Fig. 5 with arrows at Walvis Bay and Port Elizabeth, had a range of about 20 cm at Walvis Bay growing to about 40 cm at Gansbaai and Port Elizabeth. This event is not evident in the records for Durban and Richards Bay and indeed the curves for these two ports differ substantially from those for the other ports. The other event marked on Fig. 5 illustrates clearly the progression of a disturbance round the coast. The results of the cross-correlations are summarized as before in Table 3 . There are more degrees of freedom for the stages between Luderitz Bay and Lamberts Bay than elsewhere. Analyses for other periods during summer also show differences between the numbers of degrees of freedom along the west coast and the south coast. The propagation speeds obtained show considerable variation between sections of the coast with generally higher speeds along the west coast. 
Discussion
At all times of the year the observations and the results of the analyses support propagation of sea-level disturbances down the west coast and along the south coast of southern Africa. There appear to be major differences between the response in winter and in summer, related t o fundamental differences in the atmospheric forcing responsibie for these sea-level disturbances. During summer there are events evident along the west coast which do not reach the south coast. Events which are coherent between Walvis Bay and Port Elizabeth appear to grow in amplitude with propagation. The major events are negative, upwelling events. Propagation speeds along the west coast appear slightly faster than along the south coast, but there is considerable variability in speed between sections of the coast and also between events. Events appear t o die out between Port Elizabeth and Durban as the sea-level records at Durban and Richards Bay do not resemble those of the other ports.
In winter, the records for all ports show considerable coherence. There are both positive and negative events, with the major events being negative events preceded by a positive disturbance. The amplitudes of individual events are similar at all ports between Port Nolloth and Port Elizabeth, and smaller at Walvis Bay, Luderitz Bay, Durban and Richards Bay. Propagation speeds are of the same order of magnitude all round the coast from Walvis Bay to Port Elizabeth, with some variability between events and sections of the coast.
The sea-level heights used in the analyses were not adjusted for the inverted barometer effect. The cross-correlations between Lamberts Bay and Simons Bay gave anomalous results with a log at maximum correlation implying propagation in the opposite direction to that obtained from the other analyses. A similar result was obtained for the section Port Nolloth to Simons Bay in winter. In the normal meteorological situation with the South Atlantic high pressure system to the west of southern Africa, there is not much difference in pressure between adjacent ports along the west coast and the use of unadjusted sea-level is acceptable. However in the situations associated with major sea-level disturbances there will be a fairly steep pressure gradient between Simons Bay and Lamberts Bay. In winter, with cold fronts approaching from the south-west, this steep gradient could well extend to Port Nolloth. For this section of the coastline the use of pressure adjusted sea-level heights would be expected to give more meaningful results.
The form of analysis undertaken was to give an overview of the sea-level response to atmospheric forcing. For this reason cross-correlation techniques were chosen. In addition it was felt that the quality of the data was too poor for statistically significant results t o be achieved using cross-spectral analysis as suggested by Hamon & Hannan (1963) and used by many authors. The propagation speeds must be seen in this perspective. They are average speeds calculated over some months which include events of different periods and periods of almost no activity. They were obtained from the lag at maximum correlation between sealevel at adjacent ports, with n o error estimates included. A difference of 1 hr could make a considerable difference to the calculated propagation speed in some distances. Enfield & Allen (1 983) obtained higher propagation speeds using crosscorrelations rather than crossspectra because incoherent energy at high frequencies was included in the crosscorrelation but could be excluded from the cross-spectra.
The speeds obtained here are well within the limits expected from forcing by weather systems. Preston-Whyte & Tyson (1973) obtained speeds of 6 m s-l for the pressure disturbances of period 5-6 day from co-spectra between Cape Town and Port Elizabeth for 1966 but as high as 18 m s-l between Cape Town and Durban over a five year period. It may be argued that the response observed is an isostatic response to pressure. However pressure data from Lamberts Bay and Gansbaai show that the barometer factor is considerably larger than isostatic at all times of the year.
The results presented for the coastal areas of Namibia and South Africa are consistent with the theory of continental shelf waves but the variability observed in propagation speeds implies that these disturbances are not free waves, whose speed would be determined by topography, but forced waves whose speed is determined by the speed of the forcing agent. An individual event does not always propagate with a constant speed throughout its passage and successive events exhibit a high degree of variability. There is no evidence of free propagation. In order to propagate, the wave must be continually forced. Where there i s no large-scale forcing, as between Port Elizabeth and Durban in summer, this is reflected in the lack of propagation of shelf waves. In winter, when the large-scale forcing in the form of cold fronts sometimes penetrates further eastwards, the sea-level response reflects this. This is in agreement with the results found by Schumann (1983) for this section of coast. When Enfield & Allen (1983) considered similar storm forcing along the Pacific coast of Mexico they found forced events in the southern region, closest to the storms, and free propagation in the north. Schumann (1983) suggested that the influence of the Agulhas current may explain the lack of free propagation along the Natal coast. Exactly where the wave dissipates can only be established when data from intermediate ports can be included in the analysis.
